γ-aminobutyric acid (GABA) is a small signaling molecule that accumulates rapidly in plants exposed to various stresses; however, it has not been applied in regulating waterlogging tolerance in maize seedlings. Here, the effect of exogenous application of GABA in the determined optimal concentration was performed on seedlings of two maize cultivars under waterlogging treatments initiated at 3-leaf (V3) and 5-leaf stages ( Globally, maize (Zea mays L.) is one of the most important cereal crops of tropical and subtropical environments. Like other crops, maize is more sensitive to waterlogging, particularly at the seedling stage, which is considered one of the major threats to the production of this crop 1,2 . In the tropical and subtropical region of China, most rainfall occurs in the maize growing season and excessive rainfall and flooding has caused heavy loss of crop growth and yield 3, 4 . Global climate change contributes to an increasingly unpredictable rain pattern and is causing flooding that is expected to increase crop yield losses 5 . Globally, it is estimated that 12% of cultivated areas are affected by waterlogging, resulting in a 20% decrease in crop production 6,7 and increasing annual losses to billions of dollars 8 . Waterlogging depletes the oxygen in soil because of slow diffusion and high consumption by plant roots 9, 10 . When maize crop is subjected to waterlogging, stomatal closure and declines in photosynthetic rates are common responses 11, 12 . Excessive soil moisture limits plant growth by altering morphological, physiological, and anatomical mechanisms [13] [14] [15] . Waterlogging decreases superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX) and catalase (CAT) enzyme activities, causing damage to the protective enzyme system. Waterlogging also regulates the malondialdehyde (MDA) content, resulting in membrane deterioration, leaf chlorosis, and increased leaf senescence [16] [17] [18] . Chloroplasts are the major sites for generating reactive oxygen species (ROS) under environmental stress conditions 19 . Accumulation of excessive ROS could lead to oxidation of biomolecules, and such processes trigger oxidative damages to proteins, nucleic acids, and lipids and peroxidation of thylakoid membrane lipids 20 . Previous researchers showed that waterlogging stress changed the shape and internal structure of chloroplasts and their volume, and also damage the structure and integrity of cell membrane and mitochondria 1 . The physiological reaction to waterlogging results in reduced leaf area, chlorophyll content, chlorophyll fluorescence, and destruction
Globally, maize (Zea mays L.) is one of the most important cereal crops of tropical and subtropical environments. Like other crops, maize is more sensitive to waterlogging, particularly at the seedling stage, which is considered one of the major threats to the production of this crop 1, 2 . In the tropical and subtropical region of China, most rainfall occurs in the maize growing season and excessive rainfall and flooding has caused heavy loss of crop growth and yield 3, 4 . Global climate change contributes to an increasingly unpredictable rain pattern and is causing flooding that is expected to increase crop yield losses 5 . Globally, it is estimated that 12% of cultivated areas are affected by waterlogging, resulting in a 20% decrease in crop production 6, 7 and increasing annual losses to billions of dollars 8 . Waterlogging depletes the oxygen in soil because of slow diffusion and high consumption by plant roots 9, 10 . When maize crop is subjected to waterlogging, stomatal closure and declines in photosynthetic rates are common responses 11, 12 . Excessive soil moisture limits plant growth by altering morphological, physiological, and anatomical mechanisms [13] [14] [15] . Waterlogging decreases superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX) and catalase (CAT) enzyme activities, causing damage to the protective enzyme system. Waterlogging also regulates the malondialdehyde (MDA) content, resulting in membrane deterioration, leaf chlorosis, and increased leaf senescence [16] [17] [18] . Chloroplasts are the major sites for generating reactive oxygen species (ROS) under environmental stress conditions 19 . Accumulation of excessive ROS could lead to oxidation of biomolecules, and such processes trigger oxidative damages to proteins, nucleic acids, and lipids and peroxidation of thylakoid membrane lipids 20 . Previous researchers showed that waterlogging stress changed the shape and internal structure of chloroplasts and their volume, and also damage the structure and integrity of cell membrane and mitochondria 1 . The physiological reaction to waterlogging results in reduced leaf area, chlorophyll content, chlorophyll fluorescence, and destruction of chloroplast ultrastructure in maize 1 . The structure of mesophyll cell and chloroplast morphology is an essential component of photosynthesis and plays a key role in determining photosynthetic assimilation capacity 21 . The morphology and ultrastructure of chloroplasts directly affects photosynthesis and significantly reduces the dry matter accumulation and yield of maize crop 1, 2, [6] [7] [8] 13, [15] [16] [17] [19] [20] [21] [22] . Plant growth regulators play an important role in modulating plant physiological responses to adapt to an unfavorable environment 23 , and their exogenous application is an effective way to improve crop tolerance to waterlogging stress. Aminobutyric acid (GABA) is an important four-carbon, non-protein amino acid present in animals, plants, and other organisms, and is involved in certain physio-biochemical functions for the regulation of plant growth and stress tolerance, such as signaling, regulation of redox status, sustenance of cytosolic pH, osmotic pressure, C and N metabolism, and C-N fluxes [24] [25] [26] . Current studies indicate that GABA responds rapidly to abiotic stresses such as waterlogging, salt stress, heat shock, low temperature, mechanical stimulation, and plant hormones [27] [28] [29] [30] [31] . Moreover, exogenous application of GABA regulates the gene expressions of NO 3 − uptake and NO 3 − transport (BnNrt2) in the Brassica napus 32 and 14-3-3 in Arabidopsis thaliana 33 . It has also been reported that gene regulation in GABA application is associated with H 2 O 2 and ethylene production in the roots of caragana 34 . GABA plays a critical role in alleviating oxidative damage through activation of the antioxidant enzymes, which constitute a defense system against ROS in wheat plants under waterlogging stress 35 . Furthermore, application of exogenous GABA imparts partial protection from heat stress to rice seedlings by improving leaf turgor and up-regulating the expression of osmoprotectants and antioxidants 36 . Several other studies have indicated that the exogenous application of GABA promotes photochemical efficiency, chlorophyll biosynthesis, photosynthetic activities, enzymatic and non-enzymatic responses, and membrane stabilization in different crops 31, 37, 38 . Although endogenous GABA levels in plants are very low, it is produced rapidly by plants under stressful conditions 39 . However, the adaptation of plants under abiotic stress depends on comprehensive responses based on physiological and biochemical changes, and the palliative effects of GABA on waterlogging stress still has not been fully elucidated. Therefore, in this study the exogenous application of GABA was initiated under waterlogging conditions at the third leaf stage (V3) and fifth leaf stage (V5), respectively, for two popular hybrid maize varieties in China: Zhengdan-958 (ZD-958) and Xing Ken-6 (XK-6). Plant growth responses and physiological adaptive mechanisms were evaluated; specifically, leaf gas exchange parameters, chlorophyll content, enzymatic and non-enzymatic systems, lipid peroxides and ROIs-accumulation, and chloroplast ultrastructure were examined. Our findings here will improve our understanding of the adaptation, survival, and tolerance of maize under waterlogging stress and will help to improve the growth status for higher yields under natural conditions.
Results
GABA application increased the GABA content in leaves under waterlogging stress. As shown in Fig. 1 , in comparison with CK treatment, GABA content in the leaves at V5 stage under the WL treatment was significantly increased, by 18.6% in XK-6 cultivar and 31.3% in ZD-958 cultivars in 2016 (p ≤ 0.05); however, slight increases in GABA content in the leaves at V3 stages under WL treatment were observed. Similar changes in GABA content were obtained between WL and CK treatments in 2017. Remarkably, exogenous application of GABA significantly increased GABA content in the leaves of maize seedlings under waterlogging stress at V3 and V5 stages (Fig. 1A,B) . Compared with the WL and CK treatments, the GABA treatment significantly increased GABA content in the leaves at V3 stage, by 19.6% and 31.2% in XK-6, and by 13.7% and 29.3% in ZD-958, respectively, averaged across two experimental years. Moreover, improvement of GABA content was greater at V5 stages than V3 stages under GABA treatment in both maize varieties and years (Fig. 1A,B) .
GABA application enhances seedling growth under waterlogging stress. Results show that waterlogging for 14 d significantly (p ≤ 0.05) decreased plant height (PH), green leaf area (GLA), and shoot and root dry matter (DM) of two varieties, when compared with control plants (CK) in both years (Table 1) . Noticeably, Figure 1 . The GABA contents in leaves at 14 d after treatments initiated at third leaf (V3) and fifth leaf (V5) stage of maize under normal soil water conditions (CK), waterlogging treatment (WL) and aminobutyric acid treatment for waterlogged plants (GABA) in 2016 and 2017. Error bars represent the standard error (S.E.) of mean (n = 3). Different letters indicate significant differences at P < 0.05 based on the Least Significant Difference test.
SCiEntifiC REPORtS | (2019) 9:484 | DOI:10.1038/s41598-018-36334-y exogenous GABA application improved the performance in these growth parameters under waterlogging conditions compared with the WL plants (p ≤ 0.05), though they still showed weakness when compared with the CK plants. Among these growth parameters, root DM was increased by the largest extent for GABA application under waterlogging conditions, with increases of 57.6% at V3 stage and 74.4% at V5 stage, respectively, averaged across both varieties and years, when compared with the WL plants (Table 1) . GABA treatment also showed a positive effect on aboveground DM of waterlogged plants for each variety at each treated growth stage, with an average increase of 19.0%. Green leaf area and plant height of maize seedlings under the GABA treatment was increased by 21.1% and 18.4%, relative to the WL treatment, averaged across both varieties, stages, and years, respectively, though no significant changes were observed at V3 stages in 2017.
GABA application improves photosynthesis under waterlogging stress. Leaf gas exchange parameters of maize seedlings were significantly decreased by waterlogging stress, when compared with the control plants at V3 and V5 stages (Fig. 2) . Under waterlogging, average net photosynthetic rate (P n ), stomatal conductance (G s ), intercellular CO 2 (C i ), and transpiration rate (T r ) of maize seedlings were decreased by 49%, 48%, 46%, and 56% in XK-6 and 42%, 38%, 35%, and 51% in ZD-958, respectively, when compared with that under CK (Fig. 2) . The plants treated with exogenous GABA application improved P n , G s , C i , and T r by 19.8%, 19.4%, 21.5%, 26.2%, respectively, compared with WL treatments averaged across two varieties, stages, and years. However, there was no significant increase in GABA application on photosynthetic rate (P n ) and transpiration rate (T r ) were observed in 2016 years compared with WL treatment. Minimal differences were observed in leaf gas exchange parameters between two varieties under the same treatment. In contrast, the activities of ROIs-producing enzymes, monoamine oxidase and xanthine oxidase (MAO and XOD), in the leaves were significantly higher under WL treatment and significantly reduced in GABA application treatments in most cases (Fig. 4) . In plants treated with exogenous GABA, the activity of MAO and XOD were restrained by 18.0% and 21.6% in XK-6 and 27.6% and 39.1% in ZD-958, respectively, compared with that under the WL stressed plants averaged across two stages and years (Fig. 4) . GABA application had a more profound effect on MAO than on XOD, and on ZD-958 than on XK-6. However, no significant changes in MAO at the V5 stage in 2016 and in XOD at the V3 stage in 2017 were found between XK-6 plants under GABA and WL treatments (Fig. 4A,C) .
GABA application decreases lipid peroxidation and

GABA application fortifies antioxidants in cells under waterlogging stress.
Although antioxidant enzyme activities in leaves had apparent variations across different maize growth stages and experimental years, their values were significantly increased under GABA application and WL treatment (p ≤ 0.05) compared with the control under the same stage in the same year (Fig. 5) . Moreover, the activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR), were significantly (p ≤ 0.05) increased under GABA application, when compared with the same maize variety under WL treatment at both V3 and V5 stages. The increase in CAT under GABA application was particularly high, with an increase of 42.7% averaged across varieties, stages, and years ( Fig. 5C ). Exogenous GABA application enhanced SOD and GR activities, with increases of 32.2% and 35.5%, respectively, averaged across varieties, stages, and years. A relatively small increase in APX was found under GABA treatment (14.7%); meanwhile, increases in APX were similar among different varieties and growth stages in both years ( Fig. 5E ). As shown in Fig. 4A -D, the ZD-958 variety under GABA treatment showed a higher increase in SOD, POD, CAT, and GR at the V3 stage (40.0%, 38.8%, 58.1%, and 45.0%, respectively), while the XK-6 variety under GABA treatment only showed increases of 25.0%, 20.7%, 26.8%, and 25.8% at the same stage, respectively. At the V5 stage, increases in SOD, POD, and GR were similar between varieties under GABA application; however, increases in CAT activity in ZD-958 leaves under GABA treatment was higher than that in XK-6 leaves compared with the same variety under WL treatment (Fig. 5C ).
The GSH content did not show consistently significant increases in the WL treated maize seedlings, when compared with the CK plants (Fig. 6A,B) . At V3 and V5 stages, the GSH content in plants treated with exogenous GABA was slightly increased, by 2.8% and 2.4% in XK-6 and by 4.5% and 3.9% in ZD-958, respectively, when GABA application increases chlorophyll content and chloroplasts under waterlogging stress. Chlorophyll content of maize leaves was significantly affected (p ≤ 0.05) at V3 and V5 stages by waterlogging stress compared with CK plants (Table 2) . WL treatment significantly decreased chlorophyll content, with reductions of 44% and 44% at the V3 stage for XK-6 and ZD-958, respectively, and 41% and 52% at V5 stage for XK-6 and ZD-958, respectively, averaged across years, when compared with CK. By contrast, chlorophyll content was significantly increased in the GABA treatments, by 32% and 43%, at the V5 stage and 32% and 37% at the V3 stage (p ≤ 0.05) for XK-6 and ZD-958, respectively, when compared with the WL treatment ( Table 2) . Chloroplast numbers per mesophyll cell in leaves of two varieties were significantly reduced (p ≤ 0.05) under WL conditions at two stages in two years (Table 2) . At the V5 stage, the GABA and WL treatments exhibited reduced number of chloroplasts, by 26% and 42% in XK-6 and by 31% and 52% in ZD-958, respectively, averaged across years. However, the plants treated with exogenous GABA application under waterlogging stress exhibited obvious increases number of chloroplast at both stages of two varieties in 2016 in compared with WL treatments, though these increases were not observed in 2017 year.
GABA application improved chloroplast ultrastructure in mesophyll cells and mitochondrion structure. In control plants, the chloroplasts had complete external envelopes and clear boundaries, the thylakoid were well-developed with good shape, the lamella structure pile folds were in order, and both grana lamella and stroma lamellae were arranged compactly and clearly in both maize cultivars ( Figs 7D-14D ). However, chloroplast configuration became irregular under WL conditions. Chloroplasts in maize seedlings under waterlogging stress were characterized by compressed grana lamellae, disrupted stroma lamellae, and distorted thylakoid. Additionally, the number of grana and grana lamellae were reduced significantly to varying degrees (Figs 7G-10G and 12G-14G). At the V3 stage, the number of grana was reduced by 49.8% and 43.7% in XK-6 and ZD-958 plants under WL treatment, respectively, compared with CK (Table 2 , Figs 7 and 8). However, the plants treated with GABA application had a consistently positive effect on number of grana of maize varieties under waterlogging stress in both years, and significantly increased the number of grana per chloroplast by an average of 41% and 31% in XK-6 and ZH-958, respectively, relative to WL treatment ( Table 2 ). The size of chloroplasts in maize seedlings waterlogged under WL treatment and GABA treatment were obviously reduced compared with those in CK plants ( width of chloroplasts under WL treatments were significantly decreased by 33% and 43% in XK-6 and 30% and 48% in ZD-958, averaged across stages and years (Table 2) . However, application of GABA to waterlogged maize seedlings did not result in increased chloroplast size in most experimental conditions (Table 2 ). In contrast with the WL treatment, significant increases in the length of chloroplasts by GABA treatment were only found in (Table 2) . Additionally, only maize seedlings at the V3 stage of XK-6 in 2017 increased in chloroplast width under GABA treatment (Table 2) . Nevertheless, exogenous GABA alleviated the ultrastructure changes of chloroplasts in mesophyll cells induced by waterlogging (Figs 7-9, 12 and 14) . The plants treated with GABA maintained a well-protected internal lamellar system in the chloroplasts of waterlog-stressed leaves in both maize seedlings (Figs 7A-9A, 12A and 14A).
In control leaf cells, mitochondria were arranged randomly in the cytoplasm and were almost elliptical or circular. The double membrane structure was complete and crests were clearly visible (Figs 7E-10E, 12E and 14E). However, waterlogging stress altered the structure of mitochondria to certain extent. Mitochondria in the WL treatment were in clustered arrangements near the chloroplasts and were not clearly visible. (Figs 7H-9H , 12H and 14H). In contrast, there was no effect on mitochondria structure in the GABA treatment when compared with the WL treatment ( Figs 11E and 14E) . However, GABA alleviated the waterlogging-induced damage of mitochondria structure. An increased number of mitochondria and improved mitochondria structure were observed in both growth stages (Figs 7B-10B,12B and 14B).
Discussion
GABA is the main component of the free ammonia acid library in plant cells. GABA usually accumulates in plants experiencing environmental stress, such as oxygen deficit, chilling, heat stimulus, or mechanical damage 39, 40 . Similarly, increases in GABA content in maize seedling leaves under waterlogging stress were observed in this study (Fig. 1) . GABA is a non-protein four-carbon amino acid that can be absorbed directly by plants [25] [26] [27] [28] . In the present study, exogenous application of GABA significantly enhanced GABA content in maize seedlings under waterlogging conditions at V3 and V5 stages compared with CK and WL treatments (Fig. 1A,B) . Such absorption of exogenous GABA by plants has also been reported in previous studies 41, 42 . Moreover, we found that maize seedlings at the V5 stage had a stronger ability to produce GABA and absorb exogenous GABA than the plants at V3 stages under waterlogging stress (Fig. 1A,B) ; this might be one of the reasons that maize plants at the V5 stage had a greater ability to tolerate waterlogging stress, shown by better growth attributes in these plants (Table 1) .
It has been reported that GABA can ameliorate plant growth under different abiotic stress conditions in maize, rice, brassica, and wheat 32, 36, [38] [39] [40] [41] [42] [43] . However, GABA's role in plants has remained unclear, while its role as a neurotransmitter in animal cells is well recognized. The major roles of GABA are regulating cytosolic pH, anti-oxidative enzymatic systems, buffering C and N metabolism, osmoregulation, armoring against oxidative stress, and signal transduction, and these might lead to improvement in overall plant performance 44, 45 . The effect of GABA application to maize seedlings under waterlogging stress was examined in the present study, and it was found that waterlogging stress had profound adverse effects on maize seedling growth (Table 1) , similar to reports in previous studies 3, 14, 46, 47 . However, exogenous GABA application improved these plant growth attributes when plants were subjected to waterlogging stress (Table 1) . Exogenous GABA application on leaves significantly increased the plant height and leaf area of waterlogging-treated Pakchio seedlings 31 . Also, exogenous GABA was reported to increase the dry weight of maize under hypoxia stress 48 . In our study, compared with WL treatment, GABA application improved the tolerance of maize seedling to waterlogging stress, showing that GABA application increased the plant height, leaf area, and biomass at two treated growth stages of maize cultivars XK-6 and ZD-958 (Table 1) . Previously, studies found that GABA-induced improvement in many plant species could be due to improved photosynthetic activities, relative water content, osmolyte accumulation, leaf turgor, and other related physio-metabolical mechanisms 36, 49, 50 . GABA application might have improved the maize seedlings' growth by inciting cell elongation and division and/or by maintaining metabolic balance within plant tissues. The results of the current study further confirm the beneficial effects of GABA application in maize under waterlogging conditions. Studies examining the physiological mechanisms underpinning the regulation of GABA on waterlogged maize seedlings are further needed. Table 2 . Effects of exogenous GABA on chloroplast ultrastructure characteristic of mesophyll cell in maize seedling of XK-6 and Zhangdan958 under waterlogging stress during growing period 2016 and 2017. ** and *denote significance at the 0.01 and 0.05 probability level, respectively; ns, non-significant. Values followed by a different small letter within a column are significantly different at 5% probability level for comparison among varieties under different treatments at same growth stage in the same year. GABA, treatment of GABA application to waterlogged maize seedlings; WL, waterlogging treatment; CK, normal soil water conditions. Previous studies have found that the chloroplasts of plants subjected to abiotic stress are a major source of ROS, such as O 2 − and H 2 O 2 , which are generated by the direct transfer of the excitation energy from chlorophyll or by oxygen reduction in the Mehler reaction 51, 52 . In turn, the overproduction of ROS leads to lipid peroxidation and accumulation of MDA 53 . Our study indicated that waterlogging stress activated the production of H 2 O 2 content, OH − content, and O 2 − content in maize seedlings, when compared with CK (Fig. 3A,C,D) . The level of enhancements of these ROIs also coincided with a higher lipid peroxidation rate, which is regarded as a biochemical maker for free radicals mediated by the plant's injury (Fig. 2A) . These results are consistent with previous studies that examined the increments of ROIs production and MDA content under waterlogging str ess 1, 17, 19, 23, 24, 26, [28] [29] [30] [31] [34] [35] [36] [37] [38] [41] [42] [43] 46, [48] [49] [50] [51] [52] [53] [54] . The results of the present experiment showed that GABA treatment significantly decreased MDA content in both maize cultivars relative to the WL treatment (Fig. 3A,B) , indicating that the application GABA effectively ameliorated the damages of waterlogging stress on the cell membrane system. It was also proposed that exogenous GABA was efficient at reducing the oxidative damage to cell membranes in melon seedlings under hypoxic conditions 55 , and tomato seedlings under chilling stress 42 . In the present study, we found that GABA might be involved in mitigating lipid peroxidation under waterlogging stress, resulting in a significant decrease in the accumulation of OH − , H 2 O 2 , and O 2 − . Our results showed that oxidative stress induced by waterlogging stress and damage to maize seedlings were effectively alleviated after exogenous GABA application. Previously, the beneficial effects of GABA have been observed under abiotic stress in maize seedlings 28, 38, 39, [44] [45] [46] 48, 51, [54] [55] [56] . Commonly, photosynthetic apparatus, mitochondrial respiration, and photorespiration are considered as the main sources for generating ROIs under control conditions. Nevertheless, some other sources, such as XOD and MAO, also contribute to an active production of ROIs under abiotic stress 57 . The MAO, a flavoprotein localized on the outer membrane of mitochondria, catalyzes the oxidative deamination of aromatic amines and produces a large quantity of H 2 O 2 , which ultimately contributes to an increase in the steady state concentrations of ROIs within the plant cell 58 . Likewise, XOD can generate toxic
− as well as H 2 O 2 in the plant cell and sometimes high production of
− from a XOD system can cause epidermal cell death that cannot be prevented by plant defense system 59 . In the current study, the activities of ROIs-producing enzymes of MAO and XOD were significantly higher under waterlogging stress treatments but remained lower under control conditions at different growth stages (Fig. 4) . These results are in line with previous research, which found that the abiotic stress increased the activities of MAO and XOD in rice seedlings 60 . The activities of these two enzymes were concomitant with the (Figs 3 and 4) . For instance, MAO and XOD activities were significantly higher under waterlogging treatment, which led to higher levels of ROIs production. However, MAO and XOD activities were significantly lowered in plant leaves treated with the GABA application (Fig. 4) , which might have caused the down-regulation of ROIs accumulation and oxidative stress in maize seedlings (Figs 3 and 4) . Previous studies reported that the SOD, APX, POD and GR enzymes of the plant antioxidative defense system were triggered under water stress 61, 62 . The results of the present experiment showed that the activities of SOD, POD, CAT, APX, and GR activities significantly increased under waterlogging stress relative to that under CK in both stages (Fig. 5) . It also has been reported that waterlogging significantly increased the activity of enzymatic antioxidants in maize leaves under waterlogging stress 62, 63 . SOD is considered a main antioxidant enzyme that provides the first line of defense against ROIs because it catalyzes the dismutation process of ⋅ O 2 − to H 2 O 2 64 , while CAT, POD, and APX help to remove H 2 O 2 by converting it to oxygen and water 65, 66 . Interestingly, exogenous GABA application significantly improved the activities of these five antioxidative enzymes at both stages of two varieties in two years compared with CK and WL treatments (Fig. 5) . Increased activity of antioxidant enzymes in maize seedlings under GABA application is in agreement with previous studies on waterlogging stress in wheat 35 . These findings indicate that exogenous GABA application protected maize seedlings from oxidative stress caused by excessive water through the inhibition of lipid peroxidation, decreasing ROI levels, and activating antioxidant enzyme defense systems (Figs 3 and 5) . Several studies have documented that exogenous GABA stimulates activities of antioxidant enzymes and reduces oxidative stress under different environmental stressors 30, 35, 36 . However, among these antioxidant enzymes, CAT, GR, and SOD were significantly activated by GABA application, with increases of 42.7%, 35.5%, and 32.2%, respectively, compared with those under WL treatment (Fig. 5C,D,A) . Additionally, generation of ROIs often caused membrane damage and disintegration of various cellular structures and organelles, ultimately causing cell death [66] [67] [68] [69] . However, SOD and POD acted against ROIs in GABA-treated maize seedlings to protect membrane damage, showing that GABA can potentially maintain cell integrity. GABA-induced maintenance of higher antioxidant activity is crucial to improve a plant's ability to tolerate oxidative stress. Further research needs to be conducted to understand the molecular mechanism by which GABA regulates these antioxidant enzymes.
Similar to plant growth attributes, photosynthesis is one of the primary processes affected by waterlogging stress. Leaf gas exchange parameters of maize seedlings at V3 and V5 stages of two varieties in two years were significantly hindered by waterlogging stress (Fig. 2) . These results are in agreement with findings from previous . It was reported that the decline of Pn induced by stress was triggered by stomatal closure, which leads to inhibition of ambient CO 2 diffusion to the mesophyll 69 . A similar phenomenon was observed in this study, where declines in Gs and Ci occurred and led to reduction in Pn. Meanwhile, our current results (Table 2 ) are in accordance with recent studies that show waterlogging stress causes reductions in the chlorophyll content in maize seedlings 1, 46 . Nevertheless, application of GABA alleviated waterlogging stress on gas exchanges parameters in most experimental conditions in this study, when compared with WL treatment in both maize cultivars (Fig. 2) . Our results showed that exogenous application of GABA on maize leaves after waterlogging could potentially retard declines in leaf chlorophyll content caused by waterlogging stress, resulting in the enhancement of photosynthetic characteristics ( Table 2) . Enhancements of photosynthetic characteristics in response to GABA application on leaves have also been observed in Pakchio seedlings under waterlogging stress 31 , and pepper seedlings under low light stress 29 . Exogenous GABA application was further reported to enhance the photochemical efficiency of PSII in muskmelon seedlings under hypoxia stress 37 . It was also reported that GABA can be transformed into succinic acid via the catalysis of γ-aminobutyrate transaminase and succinate semialdehyde dehydrogenase 45 . Succinic acid is then involved in the tricarboxylic acid cycle to maintain the carbon-nitrogen cycle in plants, which is known as the GABA metabolic bypass 70 . GABA application resulted in improvements in net photosynthesis in maize seedlings, possibly due to maintenance of cell turgor, which promoted chlorophyll biosynthesis (Table 2 ) and reduced oxidative damage by regulating various physio-biochemical processes [35] [36] [37] . Decreases in chlorophyll content and photosynthetic efficiency were mostly caused by the disturbance of chloroplast morphology and ultrastructure of functional leaves 20, 22 . Chloroplasts are major sites for generating reactive oxygen species (ROS) under environmental stress conditions 18 . However, present studies showed that waterlogging damaged leaf chloroplast ultrastructure, the number of chloroplast and grana number per chloroplast were reduced in response to the disintegration in a portion of the granum and reorganization of the chloroplast, the integrity of ultrastructure of chloroplast was demolished, their membranes and thylakoids were deliquescent in both maize seedling (Figs 7G-10G and 12G-14G and Table 2 ). Leading to reduced chlorophyll content and photosynthetic assimilation capacity 22, 71 . At the same time, the chloroplast ultrastructure might be affected or damaged by waterlogging stress resulting from ROIs accumulation, because chloroplasts are a major source of active oxygen in plant tissue 18, 72 . However, GABA application obviously increased the number of chloroplasts and grana compared with the waterlogging treatment ( Table 2 ). In GABA treated plants, the chloroplast structure became a normal oval shape and grana were clear and visible (Figs 7A-9A,12A and 14A) . However, (Table 2 ). These results show that GABA application enhanced photosynthetic assimilation capacity, possibly because of an alleviation of chlorophyll degradation and preservation of ultrastructure. It was previously observed that exogenous 6-BA application enhanced chlorophyll content and alleviated the degeneration of photosynthetic performance caused by waterlogging stress in maize seedlings 42 . However, GABA application has not been previously shown to have an effect on the ultrastructure of chloroplasts, and further studies are needed to clearly understand the mechanisms at the transcriptional molecular and gene level.
In summary, results of our study suggest that exogenous GABA application could enhance the growth of maize seedlings under waterlogging stress through the activation of antioxidative enzymes, alleviation of ROIs impacts, mitigation in damage on leaf chloroplast ultrastructure, and enhanced photosynthesis. Findings of this study provide insights into the physiological mechanisms underlying GABA-induced acclimation of maize to waterlogging stress and provides a possible solution to manage waterlogged maize at an early stage in the field.
Materials and Methods
Plant culture and experimental design. The experiment was conducted in 2016 and 2017 in a greenhouse to avoid the influence of rainfall on soil water treatment at the Huazhong Agricultural University in Wuhan, China (30°47′N, 114°35′E). Two maize hybrids commonly found in China were used in this study: Zhengdan-958 (ZD-958) and Xing Ken-6 (XK-6). The experiments were laid out in a randomized design with three replications. Before sowing, the healthy seeds of both maize varieties were sterilized by soaking in 1% (v/v) sodium hypochlorite for 30 min and then kept in the incubator for germination at 28 °C in darkness for about 3 d. Uniformly germinated seeds were selected and sown in soil in pots that had been prepared 10 d prior to the experiment and had already reached the appropriate soil water content for maize emergence. Six germinated seeds were sown in plastic pots (32 cm lower inside diameter, 34 cm upper inner diameter, 30 cm height); these pots were filled with 20 kg of sieved dry soil amended with 0.14 g urea, 0.14 g diammonium phosphate, and 0.18 g potassium chloride per kg soil and seedlings were thinned to three plants per pot at the one-leaf (V1) stage. Each treatment included 12 pots for each growth stage and each variety with three replicates. All measures against diseases and insect infestation of the maize seedlings were deployed at the appropriate time during the experimental period. (Table S1 ), one optimal concentration of GABA (1 mmol L −1 ) was chosen and used in the validating experiments in 2016 and 2017, with same regime as described above. The waterlogged plants were sprayed three times with GABA (GABA treatment) 1 d, 3 d, and 6 d after waterlogging implementation. To prevent contamination to other treated plants, non-targeted pots were fully isolated with plastic film every time the plants were sprayed. A randomized complete block design was applied with three replications. Meanwhile, two control treatments were carried out each year, including normal soil moisture control treatment (CK) and waterlogging control treatment without spraying GABA (WL). Representative maize seedlings under different treatments at the V5 stage are shown in Figure S1 .
Plant sampling and measurements. Twelve representative plants of each treatment were carefully removed from 4 selective pots for each variety at V3 and V5 stages at the end of the waterlogging period (14 d) and then separated into root parts and shoot parts. An upmost fully expanded young leaf was selected from three plants per replicate and leaves were quickly stored at −80 °C for physiological indicator analysis. Six plants from each treatment were rapidly transferred to ovens, dried at 105 °C for 30 min, and then dried at 80 °C to a constant mass and weight for dry matter determination. Growth was determined in terms of plant height, stem diameter, green leaf area, and dry weight. Green leaf area (GLA) was calculated according a method published previously 73 .
Measurement of Endogenous GABA Content. The endogenous GABA content was determined by
Berthelot reaction with some modifications 74 . Leaves (0.1 g) were ground with methanol at room temperature. The homogenate was centrifuged at 5,000 g for 15 min and discarded the supernatant (2-3 times). The sediment was re-dissolved in 1.5 mL distilled water. Subsequently, the samples were heated in water bath at 50 °C for 2 h, and then centrifuged at 7,000 g for 15 min. One milliliter supernatant was added 0.1 mL 2 mol/L AlCl 3 and oscillated. The mixture was cooled to room temperature and then centrifuged at 12,000 g for 10 min. The supernatant (0.5 mL) was shaken for 5 min with 0.3 mL KOH and centrifuged at 12,000 g for 5 min. The resulting supernatant was used to measure the content of GABA based on the following procedure: 0.3 mL supernatant was added to Assay of Monoamine oxidase and Xanthine oxidase contents. The activities of reactive oxygen species -producing enzymes viz., XOD and MAO were measured by using the commercial kits in accordance with manufacturer's instruction (Nanjing Jiancheng Bioengineering Institute, NJBI). The XOD contents was assayed by determination kit A034 (NJBI). The XOD was defined as 1 g of protein required transform as 1 µM of hypoxanthine to xanthine formed per minute at 37 °C. The activities of XOD enzymes were expressed as 1 unit mg Assay of antioxidant enzymes. The antioxidants enzymatic were analyses by using the commercial kits in accordance with the manufacturer's guidelines. The kits for antioxidants enzymatic were purchased from Nanjing Jiancheng Bioengineering Institute (NJBI). The SOD activity was assayed by determination kit A001 (NJBI). One unit of SOD activity was defined as the amount of enzyme required for 1 mg tissue protein in 1 ml of reaction mixture SOD inhibition rate to 50% as monitored at 550 nm. The activities of SOD were demonstrated with unit mg-1 protein. The determination of POD activity was determined with the assays kit A084-3 (NJBI). One unit of POD activity was defined as the amount of enzyme necessary for the decomposition of 1 μg substrate in 1 minute at 37 °C. The POD activities were expressed with unit mg −1 proteins. CAT activity was assayed by determination Statistical Analysis. Analysis of variance (ANOVA) were performed using the software Statistix 10.0 (Analytical Software, Tallahassee, FL, USA) Statistically significant differences between control and GABA treatment samples were tested by Fisher's least significant difference (LSD) test at a probability of P < 0.05. 
